Palms (family Arecaceae) are abundant in Amazonian forests, but the allometry of these monocotyledonous plants remains poorly quantified. Woody palm biomass is most commonly estimated with dicotyledonous tree models, which leaves substantial uncertainty as to their true biomass and productivity. We developed the first extensive dataset of directly-measured arborescent palm biomass: 136 individuals from nine species in terra firme and wetland forests -Astrocaryum murumuru, Attalea phalerata, Bactris gasipaes, Euterpe precatoria, Iriartea deltoidea, Mauritia flexuosa, Mauritiella aculeata, Oenocarpus bataua, and Socratea exorrhiza. We created single species (n = 8-21) and family-level (n = 97-106) allometric equations, using diameter, stem height, total height, and stem dry mass fraction, to estimate (i) total aboveground biomass for all species, (ii) belowground biomass for the two wetland species (Mauritia and Mauritiella), and (iii) leaf mass for all species. These new palm models were then applied to nine 1-ha plots in the southwestern Amazon (Tambopata) to calculate the impact on forest biomass estimates once palm mass is estimated with palm-specific models, rather than from models created for dicot trees. We found that stem height was the best predictor variable for arborescent palm biomass, but the relationship between stem height and biomass differed among species. Most species showed weak biomass-diameter relationships, but a significant relationship could be identified across all species. The new palm models were better estimators of palm mass than existing dicot models. Using our specieslevel models increased estimates of palm biomass at our study site by 14-27%, compared to using recently published pantropical biomass models for trees. In other forests, the effect of using these palm equations on biomass estimates will depend on palm sizes, abundance, and species composition.
Introduction
Palms (family Arecaceae or Palmae) are an ancient part of tropical ecosystems (Bremer et al., 2004) and one of the most widespread and ecologically diverse plant families (Tomlinson, 2006; Eiserhardt et al., 2011) . They play major roles in ecosystem processes (Peters et al., 2004; LaFrankie and Saw, 2005) and local livelihoods (May et al., 1985; Johnson, 1996; Runk, 1998) . Arecaceae is one of the most heavily used plant families for non-timber forest products with multiple applications in indigenous and rural activities, mostly associated with food, fibres, animal fodder, and construction (Peters et al., 1989; Phillips and Gentry, 1993; Johnson, 1996; Zambrana et al., 2007) .
Nearly 2400 species of palms occur across the Neotropics, Africa, and Asia (Govaerts and Dransfield, 2005) . Within the Neotropics, palms are most abundant in western Amazonia and Central America (Kahn et al., 1988; Terborgh and Andresen, 1998; Montufar and Pintaud, 2006; Eiserhardt et al., 2011) . They are less prevalent in other regions but still occur, especially in forests with frequent inundation (Kahn et al., 1988; Terborgh and Andresen, 1998) and soils with poor physical properties, such as shallow rooting depth (Emilio et al., 2013) . Arecaceae is the single most abundant arborescent plant family in western Amazonian forests, in both terra firme and flooded forests (Terborgh and Andresen, 1998) . In some forests, palms have been found to represent over two-thirds of stems with diameter (D) P 10 cm (Terborgh and Andresen, 1998) or nearly 100% of stand biomass (Brown, 1997) . Indeed, some species, such as Mauritia flexuosa, can establish nearly mono-dominant stands ('aguajales'; Kahn and Mejia, 0378-1127/$ -see front matter Ó 2013 Elsevier B.V. All rights reserved. http://dx.doi.org/10.1016/j.foreco.2013.09.045 1990) and are an integral part of many carbon-rich swamp ecosystems (Lahteenoja et al., 2009) .
Despite their importance, there are no explicit studies of carbon stocks and dynamics of palms. While many models have been developed to estimate the biomass of dicotyledonous (dicot) trees (e.g., Brown et al., 1989; Baker et al., 2004; Chave et al., 2005; Basuki et al., 2009; Alvarez et al., 2012; Feldpausch et al., 2012) , there are few available to estimate palm biomass. Thus, most stand-level and macro-ecological studies use dicot models to estimate palm mass (e.g., Malhi et al., 2004; Phillips et al., 2008; Baccini et al., 2012) or stem basal area to assess aboveground biomass (AGB) changes (e.g., Lewis et al., 2004; Malhi et al., 2004) . The productivity of palms has also been poorly studied, and palms have even been described as a 'missing term' in coarse woody productivity assessments . For example, palm leaves are often not included in litterfall assessments even though they may contribute substantially, and palm fruit productivity may be severely underestimated because they do not fit into standard leaf litter traps (Chave et al., 2010) . Overall, these factors lead to substantial uncertainty in AGB stocks and productivity in areas where palms are prevalent.
Estimates of palm biomass and stem productivity made from dicot models are likely to be inaccurate, especially when using D and wood density (q), because the two groups of plants have very distinct growth patterns and internal properties. Palms are monocotyledons which grow in height but lack secondary (diameter) growth (Rich et al., 1986; Tomlinson, 2006) . Thus, many species have weak or no relationship between height and diameter (Rich et al., 1986) . The internal stem structure is also very different in palms (Parthasarathy and Klotz, 1976) , with higher density and stiffness towards the peripheries and base of the stem (Rich, 1987b) , and 'wood' density in Arecaceae is generally lower than in dicot families Zanne et al., 2009) . Furthermore, palms lack branches, which can contribute substantially to dicot biomass (Goodman et al., 2013) . This suggests that palm biomass may be overestimated by dicot equations, but this has yet to be tested on directly-measured palm biomass data.
The lack of palm biomass equations is puzzling: there are still no broadly accepted or applicable equations to estimate their mass. The few existing palm models are created for a single species and often do not cover a wide range of sizes. Most palm models appear in technical reports or other unpublished works (Hughes, 1997; Delaney et al., 1999; Brown et al., 2001; Freitas et al., 2006; Sierra et al., 2007; Kumar and Russell, unpublished, cited in Kumar, 2011) . The only three peer-reviewed publications we could locate were each developed for a single species in a particular environment: Prestoea montana in sub-montane Puerto Rico (Frangi and Lugo, 1985) , oil palm (Elaeis guineensis) under commercial cultivation (Thenkabail et al., 2004) , and Oenocarpus bataua in a transition zone from lowland to premontane forests in Colombia (Sierra et al., 2007) . One mixed-species model has been developed but only for very small individuals, 1 6 height 6 1.5 m (Sierra et al., 2007) . There is clearly a strong need to develop more widely applicable equations to estimate the biomass and productivity of this prevalent and important plant group.
Similarly, there has been no rigorous examination of the most appropriate form of palm allometric relationships. Most models are built with the simple form: biomass = a + bx (Frangi and Lugo, 1985; Thenkabail et al., 2004; Kumar and Russell, unpublished, cited in Kumar, 2011) , but plant allometric relationships do not usually follow this simple linear relationship (e.g., West et al., 1997; Chave et al., 2005) . Stem height is the most commonly used predictor variable (x) for palm mass (Frangi and Lugo, 1985; Delaney et al., 1999; Brown et al., 2001; Thenkabail et al., 2004; Sierra et al., 2007) , but others have used total height (Frangi and Lugo, 1985) , diameter (Hughes, 1997) , or age (Kumar and Russell, unpublished, cited in Kumar, 2011) to estimate palm biomass. Brown (1997) suggested that palm biomass could be estimated using height and D as if palms were cylinders (i.e., D 2 H), multiplied by wood density, and added to a term accounting for leaves, but this approach has yet to be applied. Estimating AGB with compound variable qD 2 H and a form factor to account for stem taper is common for dicots (Chave et al., 2005; Feldpausch et al., 2012) but may be particularly appropriate for palm allometry because they lack branches. Non-linear relationships between biomass and the predictor variable(s) -such as with a power-law, as has been suggested on theoretical grounds (West et al., 1997 ) -have also not been comprehensively tested.
Because palms exhibit primary (height) growth nearly independently of diameter and stems taper little, we expect that (i) height will be highly predictive of palm biomass and (ii) palm mass should be approximately proportional to its volume calculated as a cylindrical form with D 2 and total or stem height. Furthermore, because palm 'wood' density can vary 10-fold between species and even within individuals (Rich, 1987b) , we expect that a variable accounting for density or moisture content will be necessary to include in mixed-species models. Our specific objectives are to (i) create single species and family-level models for arborescent palms using a variety of simple and compound predictor variables and model forms and then (ii) examine the impact of applying new palm models on forest biomass estimates in a well-studied western Amazonian site where arborescent palms are common.
Materials and methods

Species selection and study area
Species or genera were selected to include the six most dominant arborescent palm species in the Amazon -Iriartea deltoidea, Attalea butyracea, Oenocarpus bataua, Euterpe precatoria, Socratea exorrhiza, and Astrocaryum murumuru (Emilio et al., 2013 ) -and two prominent species in wetland forests, Mauritia flexuosa and Mauritiella spp. (Kahn, 1991; Roucoux et al., 2013) . We focus on arborescent palms because these are included in most forest inventories (D P 10 cm).
Palms were harvested from mature forests in western Amazonia. In 2006, M. flexuosa and Mauritiella aculeata were harvested and weighed in wetlands within the Pacaya-Samiria National Reserve in Loreto, Peru. In 2011, biomass data were collected from seven species in terra firme, moist tropical forests within a forestry concession in Madre de Dios, Peru (Table 1) .
Data collection
In total, 136 arborescent palms from nine species were individually measured, harvested, and weighed in 2006 and 2011 (Table 1) . Similar methods were used throughout. Sampling was designed to represent the entire range of stem heights exhibited by each species. In Madre de Dios, individuals from each species were selected within a 100-m radius of dicot trees harvested in a concurrent study (Goodman et al., 2013) , and the first individual encountered to fulfil the stem height criteria was selected so that there was no bias towards any certain form or structural integrity. Before harvesting, D was measured at 1.3 m or above the highest root and total height (H tot ) was measured from the ground to the highest point of the highest leaf. After felling, stem height (H stem ) was measured from ground level to the point where the first (lowest) leaf parted from the stem. All leaves were counted, and, in the Madre de Dios dataset, the length of three randomly-selected leaves was measured from the base of the rachis to the tip of the terminal leaflet. Fresh mass of all plant parts was measured in the field immediately after felling. Aboveground parts were divided into aboveground roots, stem, leaves (petiole, rachis, and leaflets), and other parts (flowers, fruits, bracts, etc.), and measured in the field with a 250 kg capacity scale with 0.1 kg precision. In Loreto, belowground roots were also sampled following Gallardo-Ordinola et al. (2001) . Fine roots were sampled from eight soil cores (10 cm diameter and 90 cm deep). Four cores were excavated from each of two directions extending 80 cm from the base of the stem at 90°. The entire main root was then extracted using a 3-ton hand winch and weighed (Freitas et al., 2006) .
Stem samples were collected from 3 to 4 individuals per species (except Bactris, n = 2) to estimate moisture content. In Madre de Dios, samples were collected from individuals in the lower, middle, and upper height classes per species; and three samples were collected from each individual -at the base, middle, and top of each stem (Table A.1). In Loreto, three individuals were randomly selected, and one stem sample was collected from each individual. In Madre de Dios, we collected a composite leaf sample consisting of one leaf sample from each species including the rachis and attached leaflets. In Loreto, leaves were sampled from three individuals per species. Fresh mass of each sample was measured immediately in the field. Samples were then air-dried and transported to a drying oven. In this study, we did not measure q directly because volume measurement errors would have been virtually unavoidable. Measuring volume by water displacement would have relied upon doing so immediately, which was not possible in the field, and estimating volume by calliper or ruler measurements would have been inaccurate due to uneven edges and thickness of the sample cut.
Laboratory work and data preparation
Stem samples were dried at 101°C and leaf samples at 65°C (Williamson and Wiemann, 2010) , and dry mass was recorded after three consecutive days of constant mass with a digital scale with 1 mg precision. Dry mass fraction (dmf) was calculated as the proportion of dry mass per unit fresh mass (dry mass/fresh mass or 1 -moisture content). Individual mean dmf was calculated as the mean of three samples taken at different points along the stem (Table A. 1), and species mean dmf was calculated as the average of individual means (Table 2 ). Carbon content was determined for Mauritiella and Mauritia by calorimetry (Segura-Madrigal, 1997) at Universidad Nacional Agraria La Molina, Lima, Peru. To test whether dmf is a better explanatory variable than wood density, we followed the established practice of assigning q values to each individual species to the finest taxonomy available according the Global Wood Density Database Zanne et al., 2009) .
Stem, root, and leaf dry mass of every individual in the database was calculated as fresh mass Â dmf, where dmf is mean dmf for each tissue for each species (Table 2) . Mean individual leaf mass was calculated by dividing total leaf mass by the number of leaves.
Model development and evaluation
All species were arborescent with a single stem and multiple leaves. Because of their simple growth form (no or very little diameter growth and no branches), models were created using H stem , H tot , and two compound variables based on the premise that palms are nearly cylindrical (D 2 H tot and D 2 H stem ). Single-species models to estimate AGB were created for each species, except Bactris gasipaes (n = 3), and to estimate belowground biomass for Mauritia and Mauritiella. Given the ubiquity of forest inventories measuring D only, we also attempted to create models to estimate AGB without any height variable.
To create family-level equations, data from all species were combined. A subset of data -the individuals from which stem dmf samples were taken (n = 27) -were excluded to test the developed models. We used the same five variables as the single-species equations, plus four additional compound variables, dmfD 2 H tot , and
H stem , where dmf is the species mean dmf of the stem determined in this study and q is 'wood' density for species, genus, or family obtained from Global Wood Density Database Zanne et al., 2009 ). Finally, we created a mixed-species regression model to estimate mean leaf mass from leaf length.
For each explanatory variable, we tested five model forms: simple linear, third-order polynomial, exponential, logarithmic, and power. In several instances, variables in the linear models had to be transformed to satisfy the assumption of equal variance and normality of the residuals. Non-significant terms were removed via backwards elimination. All models were built using the linear model function (lm) in R, version 2.15.1. For family-level models, we also performed a generalised linear model (glm) analysis using the final linear model and species to test whether the slope and intercept terms were significantly different between species (e.g., AGB $ D + Species). However, because no a priori factor -such as habitat or phylogeny -could explain species differences, we included all species in the final equations to make them the most broadly-applicable possible. We evaluated models based on coefficient of determination (R 2 ), residual standard error (RSE), and Akaike information criterion (AIC), when comparable. Next, all family-level models were evaluated against the test data (n = 27) to examine their suitability. For the test data, dry mass was calculated from the directly-measured dmf and fresh mass and of each individual (Table A.1) . Finally, we used the full directly measured palm biomass dataset (n = 136) to both further evaluate the recommended models and to assist the interpretation of the forest plot analysis. A correction factor, exp(RSE 2 /2), was applied to biomass estimates from logarithmically transformed models (Baskerville, 1972) . We examined the errors produced by the recommended species-level models, selected family models, and two dicot equations (Feldpausch et al., 2012) . Errors (kg) were calculated on the original scale as mass predicted -mass observed , and relative errors (%) were calculated as error/mass observed Â 100%. We compared the equations based on mean error, mean% error (mean error/mean AGB Â 100%), and mean and standard deviation of relative errors. Overall predictability was assessed by standard deviation of the relative errors (Chave et al., 2005) , and R 2 was calculated on the original scale as 1 -(SS error /SS total ).
Implications for forest biomass
To explore the implications of using new palm models on palm and forest biomass estimates in western Amazonia, we estimated stand level AGB density on nine, 1-ha permanent plots within the Tambopata National Reserve in Madre de Dios, Peru (12.8°S, 69.3°W). Plots were established between 1979 and 2010 and have been recensused every 2-3 years by RAINFOR researchers (Malhi et al., 2002) . All individuals with D P 10 cm are included in the inventories and have been botanically identified. In 2011, D of all individuals was remeasured, and data were obtained from the ForestPlots.net database on 2 August 2012 (Lopez-Gonzalez et al., 2011 . For this study, total and stem heights were measured on all palms with a laser hypsometer (Nikon Forestry 550) during the same year.
We estimated AGB using two published dicot and four new palm models. First, we used two new pantropical biomass models (Feldpausch et al., 2012 ) using q and D only (Feld 1) and q, D, and estimated H (Feld 2) to estimate AGB of all trees and palms. Total height was estimated from D using the Weibull model for western Amazonia (Table 3 in Feldpausch et al., 2012) . Next, we recalculated AGB of all palms using the recommended species-level models and three family-level models (Table 3) . For species without a specific model (Astrocaryum gratum, Attalea butyracea, A. cephalotes, A. maripa, and O. mapora; 7.4% of all palms), we used the model for the same genus. Each of the new palm estimates were compared to estimates made by the two dicot models at the stand level.
Results
Architecture and internal properties
For most species, height-diameter relationships were weak and height could not be predicted from D (Fig. 1A) . Some species had a broad range of heights across a broad range of diameters with very little relationship between the two (Astrocaryum and Attalea); the two wetland species had a broad range of heights over a very narrow range of diameters (Mauritia and Mauritiella); others were clustered with very narrow height and diameter ranges (Oenocarpus and Socratea); while height and diameter were clearly related for Euterpe and Iriartea.
Dry mass fraction varied between species (Table 2) , among individuals of the same species, and along the stem of the same individual (Appendix, Table A.1). There appeared to be a slight negative relationship between dmf and height at which the sample was collected (i.e., dmf greatest at base) and a very slight positive relationship between mean stem dmf and the height of the individual (i.e., mean dmf greater in taller individuals). However, no significant relationships could be determined, so we calculated individual dmf as the mean of the three samples taken along each stem and species-level dmf as the simple mean of the three individuals per species. Mean dmf was consistently higher for leaf tissue than stem or root tissues (Table 2) . Carbon fraction was usually slightly < 50% of dry mass in Mauritia and Mauritiella and similar between the two species in stem and root tissues, but it was more variable and slightly higher and in leaf tissue.
Individual AGB varied across more than three orders of magnitude, from as little as 0.7 kg to as much as 1231 kg. AGB generally increases with stem diameter when all species are combined (Fig. 1B) , but within a species AGB is more strongly related to stem height (Fig. 1C) . Belowground root biomass contributed 13-780 kg in Mauritia and Mauritiella, representing 13-47% of total plant dry mass. Mean leaf mass varied by over an order of magnitude Table 3 Recommended models for each genus and mixed-species to estimate aboveground biomass (AGB; kg dry mass) or belowground root biomass (BGB; kg dry mass) from stem height (H stem ; m), diameter (D; cm), and dry mass fraction (dmf; g g À1 ), and leaf dry mass (kg) from mean leaf length (m). All models follow the form y = a + bx 1 + cx 2 . The familylevel model with dmfD 2 H stem is only valid for individuals with H stem P 1 m; and the family-level models without a height term are only valid for individuals with H stem > 3 m and 6 6 D < 40 cm. (Table 2) .
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Species-level models
Single-species models performed well, with R 2 > 0.90 for most species (Table 3 and Fig. 2) . Height was the key variable to estimate AGB, and including D added little to or even worsened model performance. Models with H stem alone were better than those with the compound variable D 2 H stem for most of species, and models with H tot alone were always better than those with D 2 H tot (Table A. 2).
Models with only D were only significant for Euterpe, Iriartea, and Socratea. For all other species, AGB could not be estimated from D alone. The recommended models, one for each species, are listed in Table 3 . Other models, with different predictor variables, are available in Table A .2.
Family-level models
The transformed model with compound term dmfD 2 H stem best estimated AGB of all species (Table 3) . This model was selected as best from the metrics used to evaluate built models (R 2 , RSE, AIC; Table A. 3) and performed well against the test data (Table A.4). Separating these variables in a logarithmically-transformed additive model did not improve model performance. One individual with no stem (H stem = 0 m) had to be removed as an outlier; thus, these models are only valid for individuals with H stem P 1 m.
The best family-level model (dmfD 2 H stem ) showed some differences between species, but the glm analysis revealed that slope and intercept were only significantly different for only one species each (Astrocaryum and Mauritia, respectively; P < 0.05). This model generally underestimated AGB for Astrocaryum, Attalea, Mauritia, and Oenocarpus and overestimated mass for Bactris, Euterpe, Iriartea, Mauritiella, and Socratea (Fig. 3A) .
To permit palm biomass estimation from inventories that have not measured H stem , we explored the use of other predictor variables. Visible trends were observed between AGB and D, H tot , and D 2 H tot , but the relationships were subject to outliers or anomalies (Fig. A.1 ). Thus, we had to remove outliers, and the resulting equations are only valid within the given range (Table 3) . Models with just D, or D and dmf, performed reasonably well but are only valid for individuals with diameters between 6 and 40 cm and stem heights >3 m. Prediction errors from these models showed few differences between species, except that Mauritia was almost always underestimated and Iriartea with D < 22 cm was usually overestimated ( Fig. 3B and C) . The compound variable D
2
H tot was especially prone to producing outliers when individuals have very short stems with tall leaves or short stems with large diameters: three Attalea and one Oenocarpus were identified as such, all of which had H stem 6 3 m and H tot < 5 m. Models with H tot had a tendency to overestimate AGB of shorter individuals and underestimate taller individuals (data not shown). For both pairs, the models with dmf (D + dmf and H tot + dmf) were significantly better than the model with D or H tot alone (P < 0.05). We also tested models with q instead of dmf, but q was never significant. Likewise, models with a compound predictor variable using q never performed as well as those with dmf (i.e., qD 2 H stem vs. dmfD 2 H stem ), so we do not report models with q.
Leaf mass can be estimated from leaf length (Table 3) . We present a mixed species model, created from Astrocaryum, Attalea, Bactris, Euterpe, Oenocarpus, and Socratea. However, Iriartea leaves showed a very clear, and significantly different, relationship between leaf mass and length, so we have reported separate results for this species (Fig. A.2) .
Model evaluation
Comparing model predictions to the subset of test data, the recommended family model with the compound term dmfD 2 H stem had the lowest bias (mean% error = 0.2%), but another model using the log-transformed compound variable with total height (dmfD 2 H tot ) performed best by all other criteria (Table A.4). All family-level models performed reasonably well, except the models with H tot and H tot + dmf (Table A. 
4).
Testing model estimates against the full biomass dataset (n = 136), the species model estimates were always best, followed by the family-level dmfD 2 H stem model (Table A.5). The two models without any height variable, D and D + dmf, and the two dicot models all overestimated AGB and performed very poorly when applied to the full biomass dataset (À0.184 6 R 2 6 0.145). However, when the dataset was reduced to only the individuals for which all models were valid (H stem > 3 m and 6 6 D < 40 cm; n = 125), results for the recommended species and family model estimates changed little, but estimates from the palm and dicot models without measured height improved substantially (0.548 6 R 2 6 0.615; Table A .5). The species-level and Feld 1 models slightly overestimated AGB (mean% error = 3 and 6%, respectively), the recommended family-level and Feld 2 models slightly underestimated AGB (mean% error = À5% and À7%, respectively), while the D and D + dmf model estimates were nearly neutral (mean% error = 0.6 and À0.03, respectively). By nearly all metrics, all palm models were better estimators of palm AGB than the dicot models. The dicot models were poor estimators of individual palm AGB, with errors ranging from À844 to +1651 kg. Whether each one over-or underestimates palm mass was largely dependent upon species, diameter, and stem height. The magnitude of errors increased considerably with diameter, but the direction of errors was largely dependent on stem height (Fig. 4) . The dicot models typically overestimated AGB of palms with short stems but underestimated AGB of taller stemmed individuals. This crossover occurred at H stem c. 14 and 15 m for the Feld 1 and 2 models, respectively. Prediction errors between species are consistent between the two dicot models, but the Feld 2 model estimates were usually lower. Both dicot models tended to overestimate AGB of Astrocaryum, Oenocarpus, and any palm with D > 40 cm and to underestimate AGB of Mauritia, Socratea, most palms with H stem > 15 m, and all palms with H stem > 22 m.
Implications for forest biomass
Across the nine plots in Tambopata, palms represented between 3% and 32% of all stems (D P 10 cm) and, based on species-level equations, contributed from 5 to 43 Mg of above ground biomass per hectare. The two dicot models yielded different AGB estimates, for both trees and palms the Feld 2 (with estimated height) estimates were lower than the Feld 1 estimates (Table 4) . Using estimates from the recommended species models (Table 3) , palm AGB density in the nine plots was on average 29% or 40% greater than would have been estimated with the Feld 1 and 2 dicot models, respectively. However, plot means may be artificially large due to large relative differences in two plots with very low palm Table 3. presence (TAM05 and TAM07; Table 4 ). Thus, if palm biomass on all plots is combined as one unit, the overall difference in palm mass across all nine plots is 14% or 27% greater than Feld 1 and 2 estimates, respectively. Total AGB density estimates of the whole stand (i.e., dicot trees and palms combined) were between 1% and 2% greater than the Feld models (Table 4) .
Stand-level palm AGB estimated from the other three palm models was usually lower than the species-level palm model estimates. Among the family-level equations, the model with D only yielded the most similar results to the species-level estimates, followed by the dmfD 2 H stem model, but the D + dmf model produced much lower estimates. In some plots the family-level models gave lower AGB estimates than did the dicot models, but across all plots palm AGB is still higher than would have been estimating using dicot models (Table 4) .
Discussion
Architecture and intrinsic properties
Our data appear to have captured several different growth patterns of arborescent palms, as demonstrated by the differing relationships between diameter, height, and AGB among species (Figs  1 and A.1) . These differing allometries have implications for the best single-and mixed-species biomass models. For example, Table 3 . Fig. 4 . Errors (AGB estimated -AGB observed ) for harvested palm aboveground biomass (AGB) when estimated by dicot models using and diameter and wood density (Feld 1) and diameter, wood density, and estimated height (Feld 2; Feldpausch et al., 2012) compared with diameter and stem height.
Iriartea (Rich, 1987a) , Socratea (Rich et al., 1986) , and Euterpe (Avalos and Fernandez Otarola, 2010) can continue to increase in diameter via sustained cell expansion (Rich, 1987a; Renninger and Phillips, 2012) , and as a result these are the same three genera for which we were able to estimate AGB from D alone. For other genera, such as Mauritiella, stem diameter is virtually the same at every height, so including D in allometric equations adds little or no explanatory value.
Variable moisture content between species, between individuals of the same species, and within a single stem make it difficult to determine the exact dry mass of palms. As with stem density (Rich, 1987b) , dry mass fraction tends to be greatest at the base and decreases along the stem. Mean stem dmf may also increase with increasing stem height, as reported by Rich (1987b) , perhaps because cell walls thicken with age (Rich, 1987a; Tomlinson, 2006) . Nonetheless, our data show that using species mean dmf values works well. Using the test data, the differences in dry mass estimates, when calculated from fresh mass and either species mean dmf or dmf measured for each individual, are very small: the mean difference between the two calculations was only 2.5 kg or 1.9%. Therefore, we consider the results reported here to be reliable and to represent an advance in improving palm biomass estimates. When utilising these models, values for dmf can be found in Table 2 . For the genera included in this study, we recommend using mean stem dmf for the respective taxon and the overall mean (0.370) for all other genera.
New models
As hypothesised, height was always a very important parameter to consider in palm biomass equations. Total height was sometimes a better estimator than stem height. However, total height is likely to be a less reliable measurement than stem height, as it can be subjective and often difficult to measure if only one leaf is extending upwards. Thus, we recommended the second best model for each of these species, which includes H stem in all cases.
Estimating palm mass using compound variables (D 2 H stem or D 2 H tot ) was often not necessary for single-species models but was best for family-level models because H-D relationships differed between species. As expected, accounting for dry mass fraction also improved mixed-species model estimates, and dmf was a better variable than q to account for internal species differences, perhaps because of the difficulty of measuring palm q accurately.
There proved to be a reasonable relationship between these two variables when all species were combined, and family-level models with D alone or D + dmf performed remarkably well given the weak relationship of diameter with biomass at the species-level. These models appeared to be unbiased when tested on the full biomass dataset and in plot estimates. However, these models should be applied with caution, as estimates made outside the diameter and height ranges used to build the models can be erroneous (Table A.5). We provide species-and family-level palm models with a variety of input data to accommodate existing inventories, and these models could be used to create new palm biomass estimates from existing forest inventory data (i.e., D and species). These estimates would be more accurate than estimates from dicot equations, but estimates from palm models including height would be far more accurate (Tables A.4 and A.5) . Likewise, because AGB could not usually be predicted from D within a single species, it is likely that the relationship between AGB and D within an individual is also unreliable and, therefore, that productivity of individual palm trees should preferably also be estimated from models that include stem height or total height.
Implications for forest biomass
Contrary to our expectations, palm biomass estimates were greater in each of the nine plots examined when applying our most reliable palm equations, compared to palm biomass estimated from standard dicot models. Although palms do not have branches or relatively dense stems, they often weigh more than dicot trees at small diameters because they can be much taller (Rich et al., 1986) . Table 4 Palm and dicot tree aboveground biomass density estimates for nine RAINFOR plots in Tambopata National Reserve, Peru. Estimates were made using two recent pantropical dicot models (Feldpausch et al., 2012) based on diameter and wood density (F 1) or diameter, wood density, and estimated height (F 2); three family-level palm equations (D, D + dmf, and dmfD 2 H stem ; As a result, AGB of many tall palms with small diameters can be underestimated by the dicot models (Fig. 4) . Evaluating model estimates on our directly-measured biomass dataset could not fully reflect this because the destructive dataset was designed to create reliable regression models across a broad range of sizes, and, thus, includes a higher proportion of short stemmed individuals than inventoried in mature forests in Tambopata (D P 10 cm). Mean H stem of palms in the forest plots (15.3 m) was slightly greater than in the biomass dataset (12.7 m) and above the limit at which dicot models underestimate AGB of most palms (14-15 m). The effect of using new palm biomass models will also likely be determined by the species composition and the interaction between size and composition. In Tambopata, for example, I. deltoidea makes up 54% of all registered palms with D P 10 cm, followed by E. precatoria (14%), S. exorrhiza (12%), and M. flexuosa (7%). In the destructive biomass dataset, the dicot models estimated AGB of Iriartea moderately well but consistently underestimated AGB of Socratea and Mauritia (Fig. 4) . Thus, palm AGB estimates may be considerably higher than previously estimated in stands where these species, especially M. flexuosa, are dominant. Conversely, new palm equations may slightly reduce AGB estimates, as compared to dicot model estimates, in forests where O. bataua is the major palm component, such as in central Amazonia (Emilio et al., 2013) , or in stands where the palm population is dominated by shorter individuals (Kahn and Mejia, 1990) . Our results show higher palm AGB density estimates in plots than would have been estimated from dicot equations, but the magnitude of this increase depends on the palm equation used to estimate AGB. When tested on the directly-measured biomass dataset, the species models slightly overestimated AGB but the recommended family-level model (dmfD 2 H stem ; Table 3 ) underestimated AGB by a greater amount. Likewise, the Tambopata plot estimates were greater using the species-level models than this family model. Thus, the true 'increase' in palm AGB is likely to be in between these estimates but closer to the species model estimates. The overall differences (when all plots are combined) in palm AGB estimates between the two palm estimates discussed above are similar. Thus, despite some sensitivity to the palm model used, true palm AGB in Tambopata is greater than would have been estimated by dicot equations. This dataset and new models do not, however, represent small palms, nor do they capture the reproductive parts of mature individuals. Though stemless and juvenile palms can be abundant in some ecosystems (Kahn and Mejia, 1990) , they are not generally included in forest inventories and contribute little to forest biomass (Nascimento and Laurance, 2002) . We also found that although palm leaves are large, they weigh little compared to the woody tissues. Because no individuals in the biomass dataset were fruiting at the time of harvest, these estimates do not accurately account for reproductive parts.
These new palm biomass equations should have multiple applications and facilitate more accurate estimates of carbon stocks and cycling in tropical forests. Though increases in whole forest estimates are locally small (0.9-1.8% at Tambopata), this increase could be expected to impact total carbon stock estimates in tropical forests more broadly, particularly in forests with hydromorphic soils. These models may also finally assist accurate quantification of above-and belowground carbon stocks of the palm community in the extensive, carbon-rich peat ecosystems which cover c. 150,000 km 2 in Amazonia (Lahteenoja et al., 2009) .
These new equations can also be used to improve palm productivity estimates. Palm stem productivity may also be greater than previously estimated by dicot models using diameter -as commonly measured in permanent plot inventories-because palms grow in height with little or no corresponding increase in stem diameter (Rich et al., 1986) . Estimating leaf mass by either the species mean or leaf length will allow researchers to account for litterfall from palms, which is usually ignored due to the technical difficulties of sampling palm leaf fall (Chave et al., 2010) . Though other structures, such as inflorescences, bracts, and fruits, can contribute substantially to forest productivity (Phillips, 1993) , they still remain poorly quantified or ignored in comprehensive studies (Chave et al., 2010; Malhi et al., 2013) . These 'missing terms' in forest productivity estimates ) need to be incorporated, particularly as they can be expected to vary substantially in space and time. For example, because palms are more abundant in the western Amazon (Kahn et al., 1988; Terborgh and Andresen, 1998; Eiserhardt et al., 2011) , it is possible that the magnitude of increase in aboveground forest productivity from east to west across Amazonia may be even greater than previously considered Aragão et al., 2009; Quesada et al., 2012) .
Conclusions and future directions
This study is the first to create a comprehensive dataset of arborescent palms and family-level allometric equations to estimate aboveground biomass. We report both single-and mixed-species models with a variety of input variables to accommodate different forest inventory methods. Single species models estimated palm biomass very well, as does the recommended family-level model with dmfD 2 H stem . The family-level models without a height variable provide unbiased estimates of palm AGB, but should be applied with caution. With these new models, we can finally estimate palm biomass and productivity more reliably. When equations were applied to forest plots at one location in western Amazonia, palm biomass density was on average 14% or 27% greater than would have been estimated using two pantropical biomass models for dicot trees. In other forests, the effect of new palm equations on plot biomass estimates will depend on palm sizes, abundance, and species composition. The magnitude of palm productivity and carbon cycling fluxes will also likely be greater than previously estimated by dicot models, but the magnitude of this effect has yet to be formally explored. We recommend that palm stem height should be measured in future inventories to accurately estimate palm biomass and, especially, biomass changes in this important forest component.
